Abstract-We report the results of our recent investigation on the properties of a highly birefringent photonic crystal fiber including modal birefringence, mode field diameter, divergence angle, and polarization mode dispersion, which are important for sensing and communication applications.
I. INTRODUCTION

P
HOTONIC crystal fibers (PCFs) have attracted significant attention recently because of their unusual properties such as endlessly single-mode operation [1] and anomalous group-velocity dispersion (GVD) in the visible region [2] , [3] . PCF can be made highly birefringent (HB) by having different airhole diameters along the two orthogonal axes [4] , [5] or by asymmetric core design [6] . These fibers have demonstrated modal birefringence of an order of magnitude higher than that of the conventional high-birefringent fiber [7] and have potential for a number of applications such as high bit rate communication systems, polarization maintaining (PM) pigtailing of photonic devices, and PM fiber loops for gyroscopes. These applications require a detailed investigation of the optical properties of PCFs, which, to our knowledge, have not been fully investigated. These properties include modal birefringence, mode field diameter, divergence angle (or numerical aperture), and polarization mode dispersion. We here report the results of our investigation on the properties of the PCF first reported by Ortigosa-Blanch et al. [4] II. RESULTS AND DUSCUSSION A full-vector finite-element method (FEM) with perfect conductor boundary conditions [8] , [9] is used to perform numerical calculation. The cross section of the PCF is modeled by an idealized version with all the holes assumed to be circular and their sizes matched to that of the scanning electron micrograph (SEM) of the PCF presented in [4] . The central part of the PCF is magnified and shown in Fig. 1 , and the full domain in our calculation is a circular area with a radius of 27 m. Before the FEM program was applied to the fiber shown in Fig. 1 , it was tested with step index fibers and other PCF fiber structures. The calculated propagation constant and dispersion property agree well with the reported data in [9] . Our calculation confirms that two nondegenerate fundamental modes are well confined to the core region. By analogy to the conventional HB fibers, we call these two approximately linearly polarized modes as and , respectively. Fig. 1 shows the electric field vector of the -polarized fundamental mode. The effective index corresponding to the two polarization modes are demoted as and . The modal birefringence of such a fiber as a function of wavelength is shown in Fig. 2 (the line with crosses). At wavelength 1540 nm, the birefringence is 4 10 , corresponding to a beat length 0.385 mm. This value is in good agreement with the measurement data ( 0.42 mm) reported in [4] .
For the HB PCF reported in [4] , anisotropy was induced by positioning of capillaries with the same external diameter but different wall thickness, leading to different airhole sizes in the cladding of the PCF. The influence of hole size on the modal birefringence is, thus, important from a practical design point of view. The computer simulation results of the modal birefringence for the PCFs with various hole size are also presented in Fig. 2 . As expected, the birefringence increases with a decrease in the size of the small holes ( ) [see the light confinement property of the fiber is affected when the hole size becomes small. In our simulation, we found a large portion of light field extends beyond the first small holes for 0.2 m although a relative high birefringence can be obtained [the dotted line in Fig. 2(a) ]. It is, therefore, more practical to achieve a higher birefringence through the increase in . However, an increase in the value of would result in multimode operation at the working wavelength. We have conducted extensive search on the possible modes that can be supported by the PCF and found that, for 0.4 m and 0.8, such PCF cannot support a second-order mode when the operating wavelength is beyond 1.4 m. Further simulation shows PCF with 0.5 is single mode at wavelength 1.3 m.
The nondegeneracy of the two polarizations verified by the computed values of effective indexes can lead to different group velocity. Different group velocities caused by the small departures from perfect hexagonal symmetry have been experimentally observed [3] . The GVD, which is an important parameter for high bit-rate transmission systems that uses polarization maintaining fibers [5] , was calculated and is shown in Fig. 3 . The large polarization mode dispersion is an indication of the intentionally introduced anisotropy in PCF.
Mode field width and half divergence angle are important parameters for the study fiber to fiber and fiber to waveguide joints, bending induced loss, and nonlinear fiber optics. For a Gaussian field, the mode field width (diameter)
is that at which power is reduced to of the maximum power, and the corresponding half divergence angle can be expressed as [10] . Since the light intensity distribution of the highly birefringent PCF is not circularly symmetric, the mode field widths ( and ) and the half divergence angles ( and ) along the and directions are different. Numerical calculation shows that the intensity distributions along the two orthogonal directions can be approximated by proper Gaussian functions (see Fig. 4 ), and the root mean square (rms) error of the and direction intensity fitting is 0.012 and 0.065 for the -polarized mode. By applying Gaussian fitting to the normalized intensity, the mode field widths and the half divergence angles can be calculated. Fig. 5 shows the mode field widths and the half divergence angle for the two directions of the -polarized modes as functions of wavelength for various ratios. As expected, the mode becomes more confined for increased ratio and, hence, displays a relatively smaller mode field width. On the contrary, the half divergence angle increases as the ratio is increased. The effects of varying on the mode width and divergence angle along the direction (i.e., and ) are significantly bigger than that along the direction ( and ).
III. CONCLUSION
A highly birefringent PCF [4] is successfully modeled and analyzed by using a full-vector FEM. The calculated birefringence is in good agreement with the measurements reported previously in the literature. The birefringence may be further enhanced by increasing the size to pitch ratio for the bigger holes. The GVDs of the two polarization modes are significantly different, especially at longer wavelength. The mode field distribution has approximately an elliptical shape with the width of the major axis significant bigger than that of the minor axis. The mode field area increases from 2.02 m 2.94 m at 1000 nm and to 2.19 m 3.4 m at 1500 nm. The half divergence angle is, however, significantly bigger along the minor axis than in the major axis and increased from 0.21rad 0.31 rad to 0.28 rad : 0.41 rad. The mode field widths and the divergence angles can be adjusted by varying the parameters of the PCF.
